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The relationship between fractal dimension of the surface electromyogram (sEMG) and the intensity of muscle contraction is still
controversial in simulated and experimental conditions. To support the use of fractal analysis to investigate myoelectric fatigue, it
is crucial to establish the interdependence between fractal dimension and muscle contraction intensity. We analyzed the behavior
of fractal dimension, conduction velocity, mean frequency, and average rectified value in twenty-eight volunteers at nine levels of
isometric force. sEMG was obtained using bidimensional arrays in the biceps brachii muscle. The values of fractal dimension and
mean frequency increased with force unless a plateau was reached at 30% maximal voluntary contraction. Overall, our findings
suggest that, above a certain level of force, the use of fractal dimension to evaluate the myoelectric manifestations of fatigue may be
considered, regardless of muscle contraction intensity.
1. Introduction
The relation between electromyography (EMG) and force has
been a controversial topic for more than four decades. The
surface EMG (sEMG)/force relationship strongly depends on
motor units (MUs) control by the central nervous system
(CNS) and by the peripheral features of muscle. The CNS
modulates the force expressed by the muscle by controlling
two parameters: the recruitment of MUs and the firing
rate of active MUs [1]. These two parameters are directly
connected with the generation of electrical activity inside the
muscle and also influence the sEMG signal [2]. Indeed, the
sEMG signal is a result of the interferential summation of
MU action potentials (MUAPs) detected by electrodes and
thus it is of interest to understand the role played by the
neural parameters in driving the sEMG-force relationship
[3]. The shape of this relationship has been explored in
experimental and simulation studies, with conflicting results
ranging from linearity to nonlinearity [4–11]. The shape of
this relationship might also depend on the muscle investi-
gated, muscle fiber composition, and muscle fiber size [9,
12].
Inconsistent results in the literature may also reflect that
muscles are not necessarily uniformly activated at increased
loads in a specific action. For this reason, sEMG varies
spatially over themuscle belly [13–15]. Applyingmultichannel
array electrode systems in sEMGrecordings has been demon-
strated to improve the extraction of reliable sEMG/force
relationship increasing the representability of the measured
sEMG signal [16–18].
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Great interest has been given in the literature to the
nonlinear feature of the sEMG signal, such as recurrent
quantification analysis, percentage of determinism, sample
entropy, normalized mutual information, and fractal dimen-
sion (FD) [19–23]. Nonlinear analysis offers a powerful
approach for the investigation of physiological time series
because it provides a measure of the signal complexity.
In particular, the FD of the signal is a measure of self-
similarity over multiple time scales. Several studies [23–27]
have applied box-counting methods to estimate the FD of
the sEMG signal and a recent investigation showed a good
reliability of FD during isometric contractions in the biceps
brachii muscle [28].
Nonlinear feature of the sEMG has been widely applied
to monitor the myoelectric manifestations of fatigue during
the course of isometric contractions [29]. Indeed, during
sustained submaximal contractions, the alterations in the
activity of muscles undergoing fatigue can be quantified,
using linear or nonlinear methods, prior to task failure [29].
Mesin and colleagues [30] computed a combination of both
linear and nonlinear analysis to synthetic and experimental
sEMG signals. They found that FD was the most related
to the level of synchronization and the least related to the
changes of muscle fiber conduction velocity (CV). Conse-
quently, they proposed the combination of FD and CV as
bidimensional index providing information about the central
and peripheral adjustments occurring during fatigue [30]. In
a more recent simulation study, Mesin and colleagues [31]
found that beyond synchronization level, the FD of the EMG
signals increased with the average firing rate of the active
MUs. For this reason, recently, the combined monitoring of
muscle fiber conduction velocity (CV) and FD parameters
during continuous contractions was applied in the evaluation
of myoelectric manifestations of fatigue [32–34]. However,
to fully understand the applicability of FD analysis in the
study of myoelectric manifestations of fatigue, it is crucial to
determine if the FD is also affected by the level of force exerted
by muscles.
Some studies found that the FD of sEMG was linearly
but weakly related to the contraction level (% of maximal
voluntary contraction, MVC) in simulated and experimen-
tal conditions [23, 25, 26]. However, recent investigations
showed that FD is not related to the intensity of muscle
contraction [35, 36]; therefore, the relationship between force
and the FDof sEMG is still controversial.Thus, the aim of this
study was to evaluate the relationship between force and FD
of sEMG during isometric contractions of the biceps brachii.
2. Materials and Methods
2.1. Participants. The study was approved by the local ethics
committee of the Swiss Italian Health and Sociality Depart-
ment, Switzerland. All procedures were conducted accord-
ing to the Declaration of Helsinki. All participants signed
a written informed consent form before participation in
the experiments. Twenty-eight healthy recreationally active
volunteers (14 women and 14 men) aged between 20 and 36
years (25 ± 4 yrs) from a university setting were recruited to
participate in the study.
Figure 1: Electrode array position on biceps brachii muscle.
2.2. Experimental Procedure. The subjects participated in
three experimental sessions (“trials 1–3”): the first two trials
were conducted within the same day, with four minutes of
rest in between, without repositioning the electrodes. The
third trial was performed a week apart under the same
environmental conditions.
Subjects were seated in a height-adjustable chair with
their arm positioned on an isometric ergometer (MUC1, OT
Bioelettronica, Turin, Italy), equipped with a load cell (Model
TF022, CCT Transducers, Turin, Italy). In order to isolate
the action of the biceps brachii, the wrist was fastened to the
ergometer, with the elbow at 120∘, as shown in Figure 1.
Initially, two isometric MVCs were performed, separated
by a 2-minute rest. During each contraction of the trial,
the force trace was displayed to participants on a computer
monitor as visual feedback. Participants were instructed to
increase the force up to their maximum and to hold it for 2-
3 s. Participants were given strong verbal encouragement.
Next, after a 4-minute rest, the subjects performed a
sequence of nine short contractions, from 10 to 90% of their
MVC in steps of 10% MVC in randomized order, lasting
5 s, with 20 s of rest in between. After each contraction,
the subjects were asked to provide a value of the perceived
exertion on a visual Borg scale, ranging from 6 to 20 [37].
In the first day of measurement, after the first session (trial
1), a second sequence of contraction, constituting trial 2, was
performed.
2.3. EMG and Force Measurements. Myoelectric signals were
detected from the biceps brachii, in a monopolar configu-
ration using a bidimensional array of 64 electrodes (3mm
diameter, 8 × 8 grid, and 10mm interelectrode distance;
model ELSCH064NM3; OT Bioelettronica) (Figure 1). This
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muscle was chosen in order to obtain high-quality sEMG
signals according to the qualitative criteria described in [38].
The electrode grid was applied on the muscle belly, with its
distal edge close to the cubital fossa and the midline of the
array aligned with the midline of biceps along a line from
the cubital fossa to the acromion (see Figure 1). A ground
electrode was placed on the contralateral wrist.The EMG sig-
nals were amplified (EMG-USB2; OT Bioelettronica), band-
pass filtered (10–750Hz), sampled at 2048Hz, and stored on
a computer.
The isometric ergometer was used to measure elbow
torque with a torque meter operating linearly in the range
0–1000Nm. The torque signal was amplified (MISO II; OT
Bioelettronica) and stored on a computer with the sEMG
data. The torque signal was displayed on a screen, providing
real-time biofeedback.
2.4. Signal Processing. The number of channels used for
CV estimation was selected based on visual inspection of
single differential signals, between the distal tendon and
the innervation zone, along one of the array columns, as
previously described [28].
The number of channels chosen to estimate CV was
between 4 and 7, according to a previously published study
[39]. CV values outside the physiological range (3–6.5m/s)
were excluded from the analysis [40].
For each signal, a 3 s lapse was identified, where the
force level was stable within the 10% boundaries of the
target force requested to the subjects. Signals were then
divided into epochs of 1 s and CV was computed using a
multichannel algorithm [41] on the selected channels. The
three obtained values were then averaged. Next, each of the
three epochs of each signal was used for the estimation of
average rectified value (ARV), mean frequency of the power
spectrum (MNF), and FD. Estimates obtained from single
channels were averaged over the channels previously selected
by visual analysis and over the three signal epochs.Therefore,
for each contraction level one value for ARV, MNF, and FD
was obtained.
In addition, ARV, MNF, CV, and FD data, as well as Borg
scale values, were normalized for each subject according to
their values at 70% MVC and expressed as percentages. The
force level of 70% was selected after the completion of data
collection, since many of the subjects could not perform 80
and 90%MVC contraction.The 70% value was themaximum
force level which all the subjects could reach.
FD was estimated using the box-counting method, as
previously reported [28]. Data were analyzed by custom-
written software in MATLAB R2014b (Mathworks, Natick,
USA)
2.5. Statistical Analysis. Intra- and intersession reliability
were examined using the Intraclass Correlation Coefficient
(ICC(2,1)) on averaged measures [42], since its use has been
recommended in reliability studies [43, 44].The criteria used
for the interpretation of the ICCs were as follows: 0.00–0.25:
no correlation; 0.26–0.49: low correlation; 0.50–0.69: mod-
erate correlation; 0.70–0.89: high correlation; 0.90–1.00: very
high correlation [45].
To test the relationship between EMG variables and
force, only the first session, that is, trial 1, was considered.
A Shapiro–Wilk test revealed that all the estimated EMG
variables were not normally distributed across subjects and,
thus, the nonparametric Kruskal–Wallis test was performed
on the sEMGvariables for each contraction at difference force
levels. Considered factors were trial and force level. When
the Kruskal–Wallis test indicated significant variations, a
post hoc Dunn–Bonferroni test [46] was applied on pairwise
comparisons; statistical significance was accepted at the 𝑝 <
0.001 level.
The epsilon-squared estimate of effect size was calculated
using [47]
𝐸2𝑅 =
𝐻
𝑛 − 1
, (1)
where𝐻 is the value obtained in the Kruskal–Wallis test (the
K-WH-test statistics) and 𝑛 the total number of observations.
The 𝐸2𝑅 coefficient assumes values between 0 (indicating no
relationship) and 1 (perfect relationship).
Statistical analyses were performed using SPSS version
22.0 (SPSS Inc., Chicago, IL, USA), and significance was set
to 𝛼 = 0.05. Results are reported as median and interquartile
range.
3. Results
3.1. Reliability Analysis. Table 1 documents the results of
ICC(2,1) analysis for the initial values of CV, FD, MNF, and
ARV during the short isometric contractions, with force lev-
els between 10 and 90%MVC. According to the classification
of [45], high to very high levels of intrasession reliability were
identified for all the parameters (ICC between 0.86 and 0.97),
whereas the intersession reliability was considerably lower.
The most reliable parameter across experimental sessions
was indeed ARV, followed by FD and MNF. Initial values of
CV showed higher ICC values at lower contraction levels,
whereas at force levels between 70% and 90% MVC, CV
displayed a very low intersubject variability, demonstrating
dependence on days and trials larger than dependence on
subjects [39, 48].
3.2. Relation with Force. Kruskal–Wallis test did not reveal
any statistical dependence of the variables on trials. Distri-
butions of FD, ARV, MNF, and Borg ratings were similar
for all contraction levels, as assessed by visual inspection
of boxplots (Figure 2). Median scores of these parameters
were statistically different across the nine levels of force (𝑝 <
0.0001). Only the increasing trend of CV versus force was not
statistically significant; for this reason no post hoc analysis
was performed for CV.
To allow better visualization of the parameters trend, a
boxplot for each normalized parameter with respect to their
values at 70%MVCwas added to Figure 2. Effect size analysis,
that is, the percentage of the variability of the considered
parameters which is really accounted for by the level of
force, revealed very high scores for ARV and Borg values
(epsilon-squared estimates, resp., 87% and 70%), whereas
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Figure 2: Continued.
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Figure 2: Box-and-whisker plots of initial and normalized values (with respect to their values at 70% MVC) of fractal dimension (FD)
conduction velocity (CV), average rectified value (ARV), and mean frequency (MNF) during short isometric 10–90% maximal voluntary
contractions (MVCs) of the biceps brachii. Statistically significant results of the Dunn–Bonferroni post hoc test are indicated (∗𝑝 < 0.001).
Table 1: Results of the reliability analysis of initial values of CV, FD, MNF, and ARV at 10 to 90% MVC. Intra- and intersession ICC scores
are reported.
MVC ICC ICC ICC ICC
Intra Inter Intra Inter Intra Inter Intra Inter
CV FD MNF ARV
10% 0.95 0.79 0.86 0.74 0.94 0.76 0.92 0.83
20% 0.97 0.76 0.86 0.78 0.96 0.86 0.86 0.74
30% 0.98 0.77 0.91 0.81 0.97 0.78 0.96 0.87
40% 0.97 0.68 0.94 0.85 0.97 0.75 0.90 0.85
50% 0.96 0.39 0.91 0.81 0.97 0.59 0.88 0.83
60% 0.96 0.59 0.89 0.90 0.96 0.79 0.89 0.81
70% 0.90 0.21 0.87 0.70 0.96 0.77 0.96 0.87
80% 0.91 0.04 0.94 0.82 0.96 0.73 0.96 0.89
90% 0.96 0.22 0.90 0.81 0.96 0.76 0.96 0.81
Note. MVC: maximal voluntary contraction; ICC: intraclass correlation coefficient intra- and intersession.
smaller effect size was found for FD and MNF (epsilon-
squared estimates, resp., 37% and 17%).The post hoc analysis
revealed statistically significant differences in the considered
parameters obtained at low force levels (resp., 10–40% MVC
for ARV and Borg ratings and 10–30% MVC for FD and
MNF) with respect to high force levels (50–90% MVC)
(Figures 2 and 3).
4. Discussion
4.1. Intra- and Intersession Reliability. FD, MNF, and ARV
showed high intra- and intersession reliability, in accordance
with previously published studies [28, 39, 48–51]; the inters-
ession reliability of CV at contraction levels higher than 60%
MVCwas very low.This result might be explained by the fact
that the variability of CV between subjects decreases as the
level of contraction increases over 60% MVC [52].
4.2. Relation between EMG Parameters, Borg Ratings, and
Force. In the present study, FD and MNF were the variables
least influenced by the level of exerted force (Figures 2(a)
and 2(d)). In fact, both variables showed a trend, increasing
from 10% to 30% MVC, but thereafter reaching a plateau
beyond 30%ofMVC (confirmed by the results of the post hoc
analysis, as well). The little or even independence of FD and
MNF on the level of muscle force was reported also in two
previous investigations in other muscles and with different
methods [36, 53]. In particular, in [36] the upper trapezius
muscle was investigated, which was compared to the biceps
brachii, and presents a much more complex architecture and
an heterogeneous distribution of the muscle activity [54].
As already reported in literature, FD is sensitive to
the presence of large active MUAPs that usually appear
in the signal due to synchronization at high force levels,
during fatiguing contractions [30]. Nevertheless, a similar
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Figure 3: Box-and-whisker plots of the initial and normalized values (with respect to their values at 70%MVC) of Borg ratings during short
isometric 10–90%maximal voluntary contractions (MVCs) of the biceps brachii. Statistically significant results of the Dunn–Bonferroni post
hoc test are indicated (∗𝑝 < 0.001).
phenomenon happens also at low force levels, whenever
largerMUs, with lowfiring frequency, are recruited according
to the Henneman’s size principle. Moreover, in simulated
EMG signals, FD was positively correlated to the firing rate
of the active MUs and negatively correlated to the level of
MU synchronization [31]. Since the level of synchronization
is not expected to change in nonfatiguing contractions, it was
reasonable to hypothesize that FD could somehow increase
with increasing force levels. Thus, it is possible to speculate
that FDmight be a reliable indicator of MU synchronization,
less dependent from the firing rate.
Muscle fiber CV seems to be the most affordable vari-
able for relating EMG signals modifications and MUs pool
recruitment [55]. Since CV increases gradually when larger
MUs are recruited [56], it was expected to increase with
contraction intensity [40]. Contrary to the expectation, the
average CV did not increase significantly with increasing
force levels although we could observe a trend in that
direction in our dataset (see Figure 2(b)).There are two main
confounding factors that could have affected CV estimates:
(1) the subcutaneous tissue and (2) the alignment of the
electrode grid along the direction of muscle fibers. Indeed,
a high thickness of subcutaneous tissue and malalignment
of electrode grids might both produce an overestimation of
CV and consequently affect the trend of CV across force
levels. Since the CV values were relatively high (>4.5m/s)
even at the lowest force levels (i.e., 10% of MVC), this
explanation seems to be plausible. Anyway, an overestima-
tion of CV, if present, would be visible at all contraction
levels; thus normalized values would not be affected by this
bias.
The amplitude of the EMG signal (ARV) was the variable
most dependent on the level of force exerted (Figure 2(c)).
This was an expected result, since many previous studies
demonstrated a direct relationship between EMG and force
[4–11]. In particular, ARVvalues obtained at the highest force,
that is, the 90% of the MVC, were greater than those lower or
equal to the 50% ofMVC.Whereas, between 60% and 90% of
MVC, no increase in ARV was found. Thus, EMG amplitude
seemed to be sensitive to the increase of force only from low
(10% ofMVC) to medium (50% ofMVC) force levels, but not
from 50% to 90%. Even this was an expected result because
Troiano and colleagues previously reported the same pattern
[36]. The recruitment of motor units and the firing rate of
active motor units progressively increase at increasing force
exertion [1], and this leads to increasing electrical activity
inside the muscle [2]. Consequently, increasing amplitude
of EMG signal would be expected throughout the whole
range of forces. However, our results showed that the EMG
amplitude was not consistently affected by the increase in
force after 50% ofMVC.This can be explained by the fact that
the amplitude cancellation influenced the measures of EMG
amplitude mostly at high force levels. Indeed, the amplitude
cancellation has been proven to increase with increasing
number of active motor units [57].
Finally, the present study found a relation between ratings
of perceived exertion (Borg ratings) and force levels (Fig-
ure 3) in-line with previous published studies, where a linear
relationship, during isometric contractions, was found [36,
58, 59]. Interestingly, as occurred with ARV, no statistically
significant increase in perceived exertion was found between
60% and 90% of MVC. Together, these results furthermore
support previous findings indicating the relationship between
muscle activation and perceived exertion [60].
The limitations of this study are mainly related to tech-
nical constraints. Firstly, we investigated only one muscle,
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which, of course, does not represent the behavior of all the
muscles. Secondly, to our knowledge, literature is currently
lacking studies on validity of FD in estimating MU synchro-
nization. If future studies will overcome this gap, FD will
provide a valid and robust measure of MU synchronization
during fatiguing contractions.
5. Conclusions
The present study showed that FD is a reliable EMG param-
eter at all contraction levels and has little dependency from
muscle force, in the biceps brachii muscle above 30% MVC.
In such conditions, FD can be applied in experimental
studies focusing on fatigue or onmotor unit synchronization,
independently from the force exerted.
Conflicts of Interest
The authors declare that there are no conflicts of interest.
Acknowledgments
The authors thank Emiliano Soldini (LABStat, University
of Applied Sciences and Arts of Southern Switzerland) for
his contributions to the statistical analysis. The study was
approved by the local ethics committee of the Swiss Italian
Health and Sociality Department, Bellinzona, Switzerland
(no. CE-2560). This study was supported by the Thim van
der Laan Foundation, Switzerland (toMatteo Beretta-Piccoli,
Corrado Cescon, Ron Clijsen, and Marco Barbero).
References
[1] Z. Erim, C. J. De Luca, K. Mineo, and T. Aoki, “Rank-ordered
regulation of motor units,” Muscle & Nerve, vol. 19, no. 5, pp.
563–573, 1996.
[2] A. J. Fuglevand, D. A. Winter, and A. E. Patla, “Models of
recruitment and rate coding organization in motor unit pools,”
Journal of Neurophysiology, vol. 70, no. 6, pp. 2470–2488, 1993.
[3] K. G. Keenan and F. J. Valero-Cuevas, “Experimentally valid
predictions of muscle force and EMG in models of motor-unit
function are most sensitive to neural properties,” Journal of
Neurophysiology, vol. 98, no. 3, pp. 1581–1590, 2007.
[4] H. S. Milner-Brown and R. B. Stein, “The relation between the
surface electromyogram and muscular force.,” The Journal of
Physiology, vol. 246, no. 3, pp. 549–569, 1975.
[5] T. Moritani and H. A. DeVries, “Reexamination of the relation-
ship between the surface integrated electromyogram (IEMG)
and force of isometric contraction,” American Journal of Physi-
cal Medicine & Rehabilitation, vol. 57, no. 6, pp. 263–277, 1978.
[6] J. V. Basmajian, Muscles Alive, Their Functions Revealed by
Electromyography, Williams & Wilkins, Baltimore, Md, USA,
4th edition, 1978.
[7] B. Bigland-Ritchie, “EMG/force relations and fatigue of human
voluntary contractions,” Exercise and Sport Sciences Reviews,
vol. 9, no. 1, pp. 75–118, 1981.
[8] J. H. Lawrence and C. J. De Luca, “Myoelectric signal versus
force relationship in different human muscles,” Journal of
Applied Physiology, vol. 54, no. 6, pp. 1653–1659, 1983.
[9] P. Zhou and W. Z. Rymer, “Factors governing the form of
the relation between muscle force and the EMG: A simulation
study,” Journal of Neurophysiology, vol. 92, no. 5, pp. 2878–2886,
2004.
[10] A. Botter, H. R. Marateb, B. Afsharipour, and R. Merletti,
“Solving EMG-force relationship using Particle Swarm Opti-
mization,” in Proceedings of the 2011 33rd Annual International
Conference of the IEEE Engineering in Medicine and Biology
Society, pp. 3861–3864, Boston, MA, USA, August 2011.
[11] M.AlHarrach,V.Carriou, S. Boudaoud, J. Laforet, andF.Marin,
“Analysis of the sEMG/force relationship using HD-sEMG
technique and data fusion: A simulation study,” Computers in
Biology and Medicine, vol. 83, pp. 34–47, 2017.
[12] B. A. Alkner, P. A. Tesch, and H. E. Berg, “Quadriceps
EMG/force relationship in knee extension and leg press,”
Medicine & Science in Sports & Exercise, vol. 32, no. 2, pp. 459–
463, 2000.
[13] D. Staudenmann, J. H. van Diee¨n, D. F. Stegeman, and R. M.
Enoka, “Increase in heterogeneity of biceps brachii activation
during isometric submaximal fatiguing contractions: A multi-
channel surface EMGstudy,” Journal of Neurophysiology, vol. 111,
no. 5, pp. 984–990, 2014.
[14] D. Staudenmann, I. Kingma, A. Daffertshofer, D. F. Stegeman,
and J. H. van Diee¨n, “Heterogeneity of muscle activation
in relation to force direction: A multi-channel surface elec-
tromyography study on the triceps surae muscle,” Journal of
Electromyography & Kinesiology, vol. 19, no. 5, pp. 882–895,
2009.
[15] A. Holtermann, K. Roeleveld, and J. S. Karlsson, “Inhomo-
geneities in muscle activation reveal motor unit recruitment,”
Journal of Electromyography&Kinesiology, vol. 15, no. 2, pp. 131–
137, 2005.
[16] T. Rantalainen, A. Kłodowski, and H. Piitulainen, “Effect of
innervation zones in estimating biceps brachii force-EMG
relationship during isometric contraction,” Journal of Elec-
tromyography & Kinesiology, vol. 22, no. 1, pp. 80–87, 2012.
[17] D. Staudenmann, I. Kingma, A. Daffertshofer, D. F. Stegeman,
and J. H. Van Diee¨n, “Improving EMG-based muscle force
estimation by using a high-density EMG grid and principal
component analysis,” IEEE Transactions on Biomedical Engi-
neering, vol. 53, no. 4, pp. 712–719, 2006.
[18] D. Staudenmann, I. Kingma, D. F. Stegeman, and J. H. Van
Diee¨n, “Towards optimal multi-channel EMG electrode config-
urations inmuscle force estimation: A high density EMG study,”
Journal of Electromyography&Kinesiology, vol. 15, no. 1, pp. 1–11,
2005.
[19] J.-P. Eckmann, S. Oliffson Kamphorst, and D. Ruelle, “Recur-
rence plots of dynamical systems,” EPL (Europhysics Letters),
vol. 4, no. 9, pp. 973–977, 1987.
[20] F. Felici, A. Rosponi, P. Sbriccoli, G. C. Filligoi, L. Fattorini,
and M. Marchetti, “Linear and non-linear analysis of surface
electromyograms in weightlifters,” European Journal of Applied
Physiology, vol. 84, no. 4, pp. 337–342, 2001.
[21] J. S. Richman and J. R. Moorman, “Physiological time-series
analysis using approximate entropy and sample entropy,”Amer-
ican Journal of Physiology-Heart and Circulatory Physiology, vol.
278, no. 6, pp. H2039–H2049, 2000.
[22] A. Bingham, S. P. Arjunan, B. Jelfs, and D. K. Kumar,
“Normalised mutual information of high-density surface elec-
tromyography during muscle fatigue,” Entropy, vol. 19, p. 697,
2017.
8 BioMed Research International
[23] J. A. Gitter and M. J. Czerniecki, “Fractal analysis of the elec-
tromyographic interference pattern,” Journal of Neuroscience
Methods, vol. 58, no. 1-2, pp. 103–108, 1995.
[24] Z. Xu and S. Xiao, “Fractal dimension of surface EMG and its
determinants,” in Proceedings of the 19th Annual International
Conference of the IEEE Engineering in Medicine and Biology
Society, vol. 4, pp. 1570–1573, 1997.
[25] C. J. Anmuth, G. Goldberg, and N. H. Mayer, “Fractal dimen-
sion of electromyographic signals recorded with surface elec-
trodes during isometric contractions is linearly correlated with
muscle activation,” Muscle & Nerve, vol. 17, no. 8, pp. 953-954,
1994.
[26] V. Gupta, S. Suryanarayanan, and N. P. Reddy, “Fractal analysis
of surface EMG signals from the biceps,” International Journal
of Medical Informatics, vol. 45, no. 3, pp. 185–192, 1997.
[27] R. Shields, “P32.9 Fractal dimension of the EMG interference
pattern: preliminary observations and comparisons with other
measures of interference pattern analysis,” Clinical Neurophysi-
ology, vol. 117, p. 159, 2006.
[28] M. Beretta-Piccoli, G. D’Antona, C. Zampella, M. Barbero, R.
Clijsen, and C. Cescon, “Test-retest reliability of muscle fiber
conduction velocity and fractal dimension of surface EMG
during isometric contractions,” Physiological Measurement, vol.
38, no. 4, pp. 616–630, 2017.
[29] G. Marco, B. Alberto, and T. M. Vieira, “Surface EMG and
muscle fatigue: Multi-channel approaches to the study of
myoelectric manifestations of muscle fatigue,” Physiological
Measurement, vol. 38, no. 5, pp. R27–R60, 2017.
[30] L. Mesin, C. Cescon, M. Gazzoni, R. Merletti, and A. Rain-
oldi, “A bi-dimensional index for the selective assessment of
myoelectric manifestations of peripheral and central muscle
fatigue,” Journal of Electromyography & Kinesiology, vol. 19, no.
5, pp. 851–863, 2009.
[31] L. Mesin, D. Dardanello, A. Rainoldi, and G. Boccia, “Motor
unit firing rates and synchronisation affect the fractal dimen-
sion of simulated surface electromyogram during isomet-
ric/isotonic contraction of vastus lateralis muscle,” Medical
Engineering & Physics, vol. 38, no. 12, pp. 1530–1533, 2016.
[32] G. Boccia, D. Dardanello, M. Beretta-Piccoli et al., “Muscle
fiber conduction velocity and fractal dimension of EMG during
fatiguing contraction of young and elderly active men,” Physi-
ological Measurement, vol. 37, no. 1, article no. 162, pp. 162–174,
2016.
[33] M. Beretta-Piccoli, G. D’Antona, M. Barbero et al., “Evaluation
of central and peripheral fatigue in the quadriceps using fractal
dimension and conduction velocity in young females,” PLoS
ONE, vol. 10, no. 4, Article ID e0123921, 2015.
[34] F. Meduri, M. Beretta-Piccoli, L. Calanni et al., “Inter-Gender
sEMG evaluation of central and peripheral fatigue in biceps
brachii of young healthy subjects,” PLoS ONE, vol. 11, no. 12,
Article ID e0168443, 2016.
[35] S. Poosapadi Arjunan andD.K. Kumar, “Computation of fractal
features based on the fractal analysis of surface Electromyogram
to estimate force of contraction of different muscles,” Computer
Methods in Biomechanics andBiomedical Engineering, vol. 17, no.
3, pp. 210–216, 2014.
[36] A. Troiano, F. Naddeo, E. Sosso, G. Camarota, R. Merletti,
and L. Mesin, “Assessment of force and fatigue in isometric
contractions of the upper trapezius muscle by surface EMG
signal and perceived exertion scale,” Gait & Posture, vol. 28, no.
2, pp. 179–186, 2008.
[37] G. A. Borg, “Psychophysical bases of perceived exertion,”
Medicine & Science in Sports & Exercise, vol. 14, no. 5, pp. 377–
381, 1982.
[38] M. Beretta Piccoli, A. Rainoldi, C.Heitz et al., “Innervation zone
locations in 43 superficial muscles: Toward a standardization of
electrode positioning,” Muscle & Nerve, vol. 49, no. 3, pp. 413–
421, 2014.
[39] D. Farina, D. Zagari, M. Gazzoni, and R. Merletti, “Repro-
ducibility of muscle-fiber conduction velocity estimates using
multichannel surface EMG techniques,”Muscle&Nerve, vol. 29,
no. 2, pp. 282–291, 2004.
[40] S. Andreassen and L. Arendt-Nielsen, “Muscle fibre conduction
velocity in motor units of the human anterior tibial muscle: a
new size principle parameter.,” The Journal of Physiology, vol.
391, no. 1, pp. 561–571, 1987.
[41] D. Farina and R. Merletti, “A Novel Approach for Estimating
Muscle Fiber Conduction Velocity, by Spatial and Tempo-
ral Filtering of Surface EMG Signals,” IEEE Transactions on
Biomedical Engineering, vol. 50, no. 12, pp. 1340–1351, 2003.
[42] J. P. Weir, “Quantifying test-retest reliability using the intraclass
correlation coefficient and the SEM,”The Journal of Strength and
Conditioning Research, vol. 19, no. 1, pp. 231–240, 2005.
[43] G. Rankin and M. Stokes, “Reliability of assessment tools in
rehabilitation: an illustration of appropriate statistical analyses,”
Clinical Rehabilitation, vol. 12, no. 3, pp. 187–199, 1998.
[44] A. Bruton, J. H. Conway, and S. T. Holgate, “Reliability: what
is it, and how is it measured?” Physiotherapy, vol. 86, no. 2, pp.
94–99, 2000.
[45] B. H. Munro, Statistical Methods for Health Care Research,
Williams &Wilkins, Philadelphia, Pa, USA, 4th edition, 2005.
[46] O. J. Dunn, “Multiple comparisons using rank sums,” Techno-
metrics, vol. 6, no. 3, pp. 241–252, 1964.
[47] M. Tomczak and E. Tomczak, “The need to report effect
size estimates revisited. An overview of some recommended
measures of effect size,” Trends in Sport Science, vol. 1, pp. 19–
25, 2014.
[48] A. Rainoldi, J. E. Bullock-Saxton, F. Cavarretta, and N. Hogan,
“Repeatability of maximal voluntary force and of surface EMG
variables during voluntary isometric contraction of quadriceps
muscles in healthy subjects,” Journal of Electromyography &
Kinesiology, vol. 11, no. 6, pp. 425–438, 2001.
[49] F. A. Arnall, G. A. Koumantakis, J. A. Oldham, and R. G.
Cooper, “Between-days reliability of electromyographic mea-
sures of paraspinal muscle fatigue at 40, 50 and 60% levels
of maximal voluntary contractile force,” Clinical Rehabilitation,
vol. 16, no. 7, pp. 761–771, 2002.
[50] D. Falla, P. Dall’Alba, A. Rainoldi, R. Merletti, and G. Jull,
“Repeatability of surface EMGvariables in the sternocleidomas-
toid and anterior scalene muscles,” European Journal of Applied
Physiology, vol. 87, no. 6, pp. 542–549, 2002.
[51] J. Lee, M.-Y. Jung, and S.-H. Kim, “Reliability of spike and turn
variables of surface EMG during isometric voluntary contrac-
tions of the biceps brachii muscle,” Journal of Electromyography
& Kinesiology, vol. 21, no. 1, pp. 119–127, 2011.
[52] A. Rainoldi, G. Galardi, L. Maderna, G. Comi, L. Lo Conte,
and R. Merletti, “Repeatability of surface EMG variables during
voluntary isometric contractions of the biceps brachii muscle,”
Journal of Electromyography&Kinesiology, vol. 9, no. 2, pp. 105–
119, 1999.
[53] M. Bilodeau, S. Schindler-Ivens, D. M. Williams, R. Chandran,
and S. S. Sharma, “EMG frequency content changes with
BioMed Research International 9
increasing force and during fatigue in the quadriceps femoris
muscle of men and women,” Journal of Electromyography &
Kinesiology, vol. 13, no. 1, pp. 83–92, 2003.
[54] A. Gallina, R. Merletti, and M. Gazzoni, “Uneven spatial
distribution of surface EMG: What does it mean?” European
Journal of Applied Physiology, vol. 113, no. 4, pp. 887–894, 2013.
[55] D. Farina, R. Merletti, and R. M. Enoka, “The extraction of
neural strategies from the surface EMG,” Journal of Applied
Physiology, vol. 96, no. 4, pp. 1486–1495, 2004.
[56] P. J. Blijham, H. J. Ter Laak, H. J. Schelhaas, B. G. M. Van
Engelen, D. F. Stegeman, and M. J. Zwarts, “Relation between
muscle fiber conduction velocity and fiber size in neuromuscu-
lar disorders,” Journal of Applied Physiology, vol. 100, no. 6, pp.
1837–1841, 2006.
[57] K. G. Keenan, D. Farina, K. S. Maluf, R. Merletti, and R. M.
Enoka, “Influence of amplitude cancellation on the simulated
surface electromyogram,” Journal of Applied Physiology, vol. 98,
no. 1, pp. 120–131, 2005.
[58] J. C. Stevens and W. S. Cain, “Effort in isometric muscular
contractions related to force level and duration,” Perception &
Psychophysics, vol. 8, no. 4, pp. 240–244, 1970.
[59] M. K. Timmons, S. M. Stevens, and D. M. Pincivero, “The effect
of arm abduction angle and contraction intensity on perceived
exertion,” European Journal of Applied Physiology, vol. 106, no.
1, pp. 79–86, 2009.
[60] KM. Lagally, RJ. Robertson, KI. Gallagher, FL. Goss, JM. Jakicic,
SM. Lephart et al., “Perceived exertion, electromyography,
and blood lactate during acute bouts of resistance exercise,”
Medicine & Science in Sports & Exercise, vol. 34, no. 3, pp. 552–
559, 2002.
Hindawi
www.hindawi.com
 International Journal of
Volume 2018
Zoology
Hindawi
www.hindawi.com Volume 2018
 Anatomy 
Research International
Peptides
International Journal of
Hindawi
www.hindawi.com Volume 2018
Hindawi
www.hindawi.com Volume 2018
Journal of 
Parasitology Research
Genomics
International Journal of
Hindawi
www.hindawi.com Volume 2018
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013www.hindawi.com
The Scientific 
World Journal
8
Hindawi
www.hindawi.com Volume 2018
Bioinformatics
Advances in
Marine Biology
Journal of
Hindawi
www.hindawi.com Volume 2018
Hindawi
www.hindawi.com Volume 2018
Neuroscience 
Journal
Hindawi
www.hindawi.com Volume 2018
BioMed 
Research International
Cell Biology
International Journal of
Hindawi
www.hindawi.com Volume 2018
Hindawi
www.hindawi.com Volume 2018
Biochemistry 
Research International
Archaea
Hindawi
www.hindawi.com Volume 2018
Hindawi
www.hindawi.com Volume 2018
Genetics 
Research International
Hindawi
www.hindawi.com Volume 2018
Advances in
Virolog y Stem Cells International
Hindawi
www.hindawi.com Volume 2018
Hindawi
www.hindawi.com Volume 2018
Enzyme 
Research
Hindawi
www.hindawi.com Volume 2018
International Journal of
Microbiology
Hindawi
www.hindawi.com
Nucleic Acids
Journal of
Volume 2018
Submit your manuscripts at
www.hindawi.com
